With the ability to locate and identify atoms in three dimensions, atom-probe tomography (APT) has revolutionized our understanding of structure-property relationships in materials used for structural applications. The atomic-scale details of clusters, second phases, and microstructural defects that control alloy properties have been investigated, providing an unprecedented level of detail on the origins of aging behavior, strength, creep, fracture toughness, corrosion, and irradiation resistance. Moreover, atomic-scale microscopy combined with atomistic simulation and theoretical modeling of material behavior can guide new alloy design. In this article, selected examples highlight how APT has led to a deeper understanding of materials structures and therefore properties, starting with the phase transformations controlling the aging and strengthening behavior of complex Al-, Fe-, and Ni-based alloys systems. The chemistry of interfaces and structural defects that play a crucial role in high-temperature strengthening, fracture, and corrosion resistance are also discussed, with particular reference to Zr-and Al-alloys and FeAl intermetallics. These examples also demonstrate some of the challenges associated with atomicscale data analysis. Quantifying phenomena such as atomic clustering from the 3D direct space data provided by APT represents a nontrivial analytical problem with sophisticated computational requirements. For instance, the absence of a universal concept concerning "clustering" requires a rigorous assignment of parameters and efficient algorithms. [3] [4] [5] [6] [7] 
ples include the unique contribution of APT to the 3D imaging and analysis of spinodal decomposition in Fe-Cr alloys. 1, 2 These examples also demonstrate some of the challenges associated with atomicscale data analysis. Quantifying phenomena such as atomic clustering from the 3D direct space data provided by APT represents a nontrivial analytical problem with sophisticated computational requirements. For instance, the absence of a universal concept concerning "clustering" requires a rigorous assignment of parameters and efficient algorithms. [3] [4] [5] [6] [7] 
Clustering Phenomena in Al Alloys
The burgeoning markets for lightweight structures with high specific strength will continue to drive developments in the physical metallurgical science and engineering of the light alloys (alloys of Al, Ti, or Mg), and some remarkable property combinations are becoming available. Of these, the Al-based system is the most mature, and structural Al alloys are widely used in transport technologies for the aerospace, marine, and auto industries, as well as in architectural, packaging, and building technologies. The very complex evolution of microstructures in these systems has been the subject of numerous studies, with a significant focus on determining the nanoscale precipitate stoichiometries. [8] [9] [10] [11] [12] [13] Focusing on even smaller feature sizes, APT has provided path-finding insights into the significance of atomic clustering reactions and processes that occur during the earliest stages of aging and precede precipitation.
Cluster strengthening is a term that is used to describe the case where an alloy is strengthened by a dispersion of solutesolute-vacancy clusters. 14 These clusters represent a highly efficient utilization of solutes and can provide true strengthening without significant dislocation pileups, thereby diminished toughness. Although previous resistivity and thermal analysis work is noteworthy (e.g., Reference 15), cluster strengthening has remained relatively little studied due to the difficulties in making direct experimental observations.
Introduction
The increasing economic and environmental costs of energy are driving the design and development of new and improved structural alloys with remarkable combinations of physical properties. The notion of new structural alloys that are merely stronger or harder than contemporary systems may well be a significant basis for new alloy development but, increasingly, it is a novelty in the balance of various structural properties that is presenting the greatest opportunities. New combinations of properties that are usually in conflict with each other, such as strength and ductility, or enhanced static and dynamic mechanical properties in combination with enhanced recyclability, corrosion resistance, and thermal properties are of great interest. The capacity of materials scientists and engineers to understand and control phase transformations and related phenomena at the nanoscale is a key enabler of these technologies, and thus the challenges in materials characterization are acute. As demonstrated in the following selected examples, atom-probe tomography (APT) is providing unparalleled insights into the three-dimensional nanoscale structure, which is creating new ideas in alloy design and development.
Phase Transformations
The following three examples illustrate how APT provided unique insights into atomistic phenomena of stages of phase transformation that could not be studied otherwise: clustering as the precursor to precipitation in Al, accelerated precipitation during irradiation of Cu-containing steels, and kinetic pathways in phase decomposition of Ni alloys. Other exam- 21 and (b) an atom map from an Al-1.7Cu-0.01Sn (at.%) alloy after solution treatment and aging for 200°C for 3 min. with a θ' plate-like precipitate nucleating on a β-Sn precipitate. α is the matrix. 21 solute atom and vacancy clusters that provide appropriate strain and/or chemical environments to reduce the barrier to nucleation for particular precipitate phases. An example, which is of relevance to the 2XXX series Al alloys that are widely used in structural engineering and strengthened by the precipitation of plateshaped θ' (Al 2 Cu), is provided in Figure  1b . The 3D image reveals a spheroidal precipitate of β-Sn at the edge of a θ' precipitate in a model Al-1.7Cu-0.01Sn (at.%) alloy. In this alloy, very rapid clustering of Sn atoms leads to precipitation of β-Sn in a low-energy orientation in the matrix (e.g., Reference 24). These β-Sn precipitates then serve as highly potent nucleation sites for θ'-precipitates, and the resulting dispersion of θ'-precipitates is considerably finer and more uniform than that for equivalent Sn-free alloys, resulting in higher strength. This concept has been extended to many other aluminum alloy systems, including 2194 and 2024. 24, 25 
Cu Precipitation During Irradiation of Reactor Pressure Vessel Steels
The embrittlement of the pressure vessel in a nuclear reactor during service is a safety concern that also has serious economic implications if a reactor must be removed from service before its planned end-of-life. Unfortunately, the pressure vessels of most nuclear reactors have been found to exhibit a significant deleterious shift in the ductile-brittle transition temperature during service. This problem arose due to the use of copper-coated welding rods during the fabrication of the reactor vessel, and APT revealed that ultrafine copper-enriched precipitates formed in the matrix during neutron irradiation. 26 An example of a 2-nm-diameter copper-enriched precipitate in a neutronirradiated model pressure vessel steel (Fe with 0.56%Cu, 1.66%Ni, 1.36%Mn, 0.4%Mo, and 0.4%Si all in wt%) irradiated to a total dose (fluence) of 1.6 × 10 23 neutron m −2 (with energy E > 1 MeV) at 288°C is displayed in Figure 2 . For such small precipitates, APT uniquely provides a complete characterization: their size, absolute composition, and number density may be estimated by cluster-finding algorithms such as the friends-of-friends method. [3] [4] [5] [6] [7] In this high copper concentration alloy, the precipitate size was quantified through their radius of gyration, which was estimated to be 0.93 nm, and the number density was 1.9 × 10 24 m −3 . It is evident from the atom map that nickel, manganese, and silicon atoms are enriched, and that the precipitates exhibit a core-shell distribution. 27 Detailed analyses of the relative atomic positions reveal that the solute levels reach~1 0 at.% Ni and ~8 at.% Mn at the precipitate-matrix interface. 28 It was also established that the precipitates coarsen sufficiently to recover most of the mechanical properties after annealing the reactor vessel for 168 h at 454°C. 29 Sufficient copper remains, however, in solid solution so that a fresh distribution of copperenriched precipitates will form during reirradiation, which is important for reactor life extension. 30 To overcome the copper effect, it is desirable to limit the level of copper in the steel. Even copper-free or low copper pressure vessel steels suffer embrittlement, particularly if they contain significant levels of nickel and manganese, as revealed by APT, with high number densities of ~2-nm-diameter Ni-, Si-, and Mnenriched nanoclusters. 30 From a correlation of the changes in mechanical properties and the progression of the size and number density with fluence, the condition of the reactor vessel at its planned end-of-life and the possibility of plant life extension can be predicted.
Kinetics Pathways in Ni-Based Superalloys
The ability to control microstructure stability of complex alloy systems requires a deep understanding of the fundamental aspects of precipitate evolution. Determining the diffusion pathways in these complex systems is not a trivial task, but selecting model systems allows the experimental and theoretical analyses of the atomistic phenomena controlling the temporal evolution of microstructure. In this context, the Ni-Al-Cr system is particularly attractive because it is the ternary alloy system that fundamentally underpins commercial Ni-based superalloys used in both land-based and aeronautical engines, and its thermodynamic and A high number density (~10 24 m −3 ) of L1 2 -ordered Ni 3 (Al x Cr 1-x ) precipitates can be formed via a first-order phase transformation, and APT can follow their evolution. The γ ' precipitate temporal evolution, as illustrated in Figure 3a , proceeds in three stages via: (1) nucleation, (2) concomitant nucleation and growth, and (3) concomitant growth and coarsening. 31 The γ/γ ' precipitate/matrix interfaces are visualized using 9 at.% Al isoconcentration surfaces, Figure 3a . Interestingly, the γ-morphology is a mixture of individual spheroidal precipitates and interconnected precipitates in different stages of coagulation and coalescence. 31 Lattice kinetic Monte Carlo (LKMC) studies, in which atomistic modeling simulates the evolution and precipitation of a random solid solution by a vacancy exchange model, 33 demonstrated that this necking phenomenon of the interconnected precipitates results from nonequilibrium solute diffusion fields of neighboring precipitates. The observed diffusion fields extend to distances greater than the interfacial width and originate from long-range vacancy-solute-binding interactions out to the fourth nearest-neighbor distance. 33 APT analyses also demonstrated that contrary to classical models for nucleation and growth, the γ '-precipitates are not at their equilibrium composition. The timedependent concentration profiles are shown in Figure 3b . Solute (Al,Cr) enrichments decrease continuously with aging. Detailed thermodynamic analyses 34 established that the observed Al enrichment results from the Gibbs-Thomson effect that relates chemical potential and thereby interfacial chemistry to interfacial curvature. These were the first detailed APT observations of this phenomenon for solid-state precipitates. Alternatively, the observed Cr enrichment within the precipitates is believed to result from kinetic trapping. 35 Within the γ-matrix, a depletion of Al and an accumulation of Cr adjacent to the γ/γ ' interface is present and clearly time-dependent. At 0.25 h, the concentration gradients extend nearly 3 nm from the γ/γ ' interface; this is a kinetic effect that cannot be described by thermodynamics arguments, and, indeed, the transient Aldepletion and Cr-accumulation disappear completely after 16 h, when the system attains a quasi-stationary state.
Chemistry of Structural Defects
Segregation of alloy elements, trace additions, and impurities at grain boundaries and other interfaces often have profound effects on the properties of structural materials. Many of the effects are deleterious, for example, an increase in the ductile-to-brittle transition temperature, decrease in ductility, increased susceptibility to intergranular failure, increased susceptibility to corrosion and stress corrosion cracking, and loss of creep strength due to premature cavity formation at the boundaries. In some cases, however, the effects of segregation may be beneficial, for example, by improving the bonding across interfaces or by retarding grain boundary migration, thus stabilizing fine-scale microstructures. Quantitative measurement of the nature and extent of segregation is extremely difficult by most experimental techniques because of the need for very high spatial resolution in the analysis. Auger electron spectroscopy (AES) has been widely applied to specimens fractured along the interface to expose the segregated region for analysis. 37 However, AES lacks lateral spatial resolution, and its depth resolution is limited by the complexity of the associated ion sputtering process and the range of electron penetration and escape depths.
APT has made major contributions to the understanding of segregation processes, both because of its high spatial and chemical resolution and single-atom detection capability, and because it does not require the specimen to be fractured prior to examination. This means that nonembrittling segregants can be studied directly at the atomic level for the first time, and the distribution of segregants both in the plane of the interface and normal to it can be observed simultaneously. A major step forward came with the realization that a concentration profile, taken normal to the interface, can be used to directly measure the relative Gibbsian interfacial excess for any given solute species, either at a grain boundary 38 or at a heterophase interface. 39 The Gibbsian excess is a true thermodynamic quantity relating the excess of solute atoms at an interface as compared to a bulk level. This unique measurement method permits the absolute determination of the thermodynamic parameters of segregation and is thus key to obtaining a fundamental understanding of segregation processes.
As illustrated in the introductory article in this issue, progress in laser pulse repetition rate, laser technology, and sample preparation using dual-beam focused ionbeam microscope techniques [40] [41] [42] permits the routine observations of preselected grain boundaries, metal/oxide interfaces, and essential microstructural features controlling fracture strength and corrosion resistance.
Grain Boundary Segregation
Some examples of grain boundary phenomena that have been studied by APT include the beneficial segregation of boron at grain boundaries in nickel-based alloys 43, 44 and of zirconium in molybdenum; 45 the stabilization of nanocrystalline grain structures in nickel 46 and cobalt 47 by the segregation of phosphorus; the stabilization of fine grain sizes in ultralow carbon steels by the addition of boron, 48 niobium, 49 or molybdenum; 50 the segregation of boron in Ni-based superalloys 51, 52 of chromium and tungsten at interfaces in titanium aluminides; 53 the redistribution of alloy elements at carbide-matrix interfaces in steels; 54 and the interfacial segregation of silver at MgO/Cu(Ag) heterophase interfaces. 39 See Reference 55 for a detailed review of some of these studies.
As an example of grain boundary analysis, atom maps of a grain boundary region in ZIRLO, a Zr-0.96Nb-0.76Sn-0.18Fe (at.%) alloy, after a recrystallization heat treatment, are shown in Figure 4 . 56 Iron and niobium segregation are seen in Figure 4b and 4c. The corresponding cumulative profiles across the grain boundary are shown in Figure 4d . Iron, which is known to be a deleterious impurity in zirconium with respect to corrosion resistance, is strongly enriched in the boundary region. The total amount segregated is equivalent to approximately onethird of a monolayer. The enrichment of other trace elements and impurities such as carbon and nitrogen can also be seen, but no significant segregation of tin occurs. These results demonstrate the power of APT to quantify grain boundary segregation, even in highly complex systems.
Precipitate Interfacial Chemistry
APT has not only transformed the field of grain boundary studies but also the approach for studying the local chemistry of any interface. An example of such 3D interfacial analysis is found in Al-Sc alloys that are of interest for high-temperature applications with the formation of highnumber densities of Al 3 Sc (L1 2 ) precipitates during thermal aging. 57 These precipitates formed by homogeneous nucleation exhibit a rhombocubooctahedron morphology with facets on the {100}, {110}, and {111} planes, as shown in Figure 5a . 57 In ternary Al-Mg-Sc alloys, Mg is insoluble in the Al 3 Sc phase and remains in solid solution in the α-Al matrix. High-resolution electron microscopy revealed a change in precipitate morphology from faceted to spheroidal, 57 as shown in Figure 5b , while APT analyses showed that Mg segregates at the α-Al/Al 3 Sc interface. 58 APT measurements of interfacial segregation were obtained using the proximity histogram that averages interfacial properties over a predefined surface irrespective of its convexity. 36 The Mg enhancement at the α-Al/Al 3 Sc interface was also modeled employing first principles, 59 as illustrated in Figure 5d , and the resulting Gibbsian interfacial excesses from both the experimental and theoretical studies measured as the area under the peak, are in very good agreement. A more detailed analysis of strain energy effects as well as Mg-Mg and Mg-Sc pair interactions indicated that Mg 57 The proximity histogram from the atom-probe tomography data is shown in (c). 58 The measured Mg segregation at the Al/Al 3 Sc interface can be compared to the first-principles predictions displayed in (d). 59 segregation is driven by chemical (electronic) interactions. 59 The combination of the 3D atomic-scale measurements obtained by APT with the structural information from high-resolution electron microscopy and the atomistic insight from first-principles calculations provided a complete understanding of the atomic phenomena responsible for the behavior of Mg in the Al-Sc system. More importantly, coarsening behavior of second phases that control the thermal stability of the material is a crucial issue in high-temperature structural materials. Coarsening could be controlled through two main routes: (1) by decreasing the driving force for coarsening by decreasing the precipitate/matrix interfacial free energy and/or (2) by decelerating the kinetics of coarsening by utilizing slowly diffusing elements partitioning to the precipitate phase as illustrated in the APT studies in References 60 and 61.
Segregation of Impurities to Dislocations
The concept of "solute atmospheres" was introduced by Cottrell and Bilby in 1949 62 to explain the role of impurities in the plastic deformation of alloys. These Cottrell atmospheres are tiny clouds of impurity atoms surrounding dislocations in crystals. Edge dislocations give rise to an elastic stress field that surrounds the dislocation line, and solute atoms interact primarily with the hydrostatic component of their stress field.
APT investigations of Cottrell atmospheres were made in iron, 63 NiAl, 64 as well as in boron-doped FeAl. 65 Boron is added to these alloys to strengthen grain boundaries. 66 The work on FeAl constitutes the first experiment using APT where atomic planes were imaged and dislocations identified unambiguously. The 3D reconstruction shown in Figure 6 reveals the presence of an edge dislocation that is boron enriched. The Cottrell atmosphere is aligned along the 〈100〉 crystallographic direction of the dislocation line. The high spatial resolution of APT makes it possible to image the stacking sequence of the superlattice (001) planes of this ordered material. By counting the number of imaged planes (Burgers circuit construction), an extra halfplane (dislocation) is found. It is illustrated in Figure 6 by an extra row of yellow atoms in the back portion of the selected slice through the dataset.
The stress field created by dislocations is the driving force for the migration of solutes toward dislocations. Interstitial impurities such as boron generally segregate in the dilated part of edge dislocations (positive size effect), namely below the dislocation line, whereas undersized substitutional atoms (negative size effect) are likely to migrate toward the compressed regions where the extra half-plane is located. Experiments indicated that boron segregated in both the compressed and dilated regions. This suggests that boron is partly in substitution sites, therefore indicating a negative size effect (boron atoms are smaller than Fe or Al). The substitution of boron for Al in FeAl is supported by the observation of Al depletion along the boron-enriched dislocation line and in agreement with recent ab initio calculations. 67 
Summary and Conclusions
Atom-probe tomography (APT) has not only revolutionized our approach to alloy design by revealing phenomena that could only be hypothesized, such as clustering phenomena, grain boundary segregation, nanostructural evolution, and the chemistry of buried interfaces, but has also created a renaissance in physical metallurgy by allowing the observations of atoms and defects in 3D with accuracy never achieved heretofore. It has thereby permitted the confirmation of phenomenologically based theories (e.g., Cottrell atmospheres) and opened new paths beyond the classical theories of phase transformations. The direct comparison of APT data to atomistic simulations also offers a new approach for alloy development that is no longer based on the trial and error technique but through rigorous design employing knowledge of atomic interactions.
